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Purified M protein of VSV has been reported to aggregate at low NaCl concentration. Using light scattering, analytical 
centrifugation, and electron microscopy (EM), we have studied this phenomenon. Our results demonstrate that self aggrega- 
tion of M protein can be reversed by increasing the salt concentration. Below 250 mM NaCl, there is an equilibrium between 
aggregates and monomeric M protein. Most importantly, we demonstrate that aggregation only occurs in the presence of 
nucleation sites and that these sites are sensitive to trypsin. We have found conditions under which these nucleation sites 
can be eliminated, after which M remains soluble even at low salt concentration. Finally, using EM, we show that the 
aggregates of purified M protein share common structural aspects with the previously described internal "cigar" around 
which the nucleocapsid is wrapped. These new results help to explain why M is a soluble protein in the cytoplasm of the 
infected cell just up to the moment hat it is integrated into the budding virion. © 1995 Academic Press, inc. 
INTRODUCTION 
Vesicular stomatitis virus (VSV), the prototype rhabdo- 
virus, is an enveloped virus with a negative-strand RNA 
genome. The genomic RNA is encapsidated by the nu- 
cteoprotein N and is tightly associated with the viral poty- 
merase (L) and the phosphoprotein P (a polymerase co- 
factor). Together with the matrix protein M, the nucleo- 
capsid forms a tightly coiled helical structure called the 
skeleton which is surrounded by a lipid bilayer containing 
the viral transmembrane glycoprotein G. 
M protein (MW 26 kDa) is responsible for the conden- 
sation of the nucleocapsid (Newcomb and Brown, 1981; 
Newcomb et aL, 1982) and for the inhibition of transcrip- 
tion of the viral genome both in vitro (Caroll and Wagner, 
1979; De et al., t982) and in vivo (Clinton et aL, 1978; 
Martinet et aL, 1979). M protein appears also to be di- 
rectly involved in some of the VSV cytopathic effects; it 
is responsible for the characteristic rounding of infected 
cells (BIondel et al., 1990; Melki et aL, 1994) and for the 
virus-induced host cell transcription inhibition (Black and 
Lyles, 1992; Black et al., 1993). 
We have previously investigated the location of matrix 
protein in the virion (Barge et aL, 1993). Our results sug- 
gested that the M protein forms a kind of scaffold around 
which the nucleocapsid is wrapped, in agreement with 
a previous model proposed by Brown and Newcomb 
(1987) and with the results of Odenwald etaL  (1986), but 
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in contradiction with the generally accepted view that 
M is positioned between the nucleocapsid coil and the 
membrane (Pal et aL, 1987). However, our results did 
suggest an interaction between M and membrane lipids 
at the extreme ends of the skeleton since we observed 
binding of negatively charged liposomes to the ends of 
the skeletons in electron microscopy (EM). This latter 
result is in agreement with the lipid composition of VSV 
membrane which is enriched for negatively charged 
phospholipids in its inner leaflet and also with observa- 
tions that in transfected or infected cells M is able to 
interact with the cellular plasma membrane (Bergman 
and Fusco, 1988; Chong and Rose, 1993, 1994). This 
interaction might be mediated via the highly positively 
charged amino terminus of the protein since labeling 
studies with a hydrophobic reagent suggested that this 
domain penetrates the bilayer (Lenard and Vanderoef, 
1990). However, expression of truncated M protein in the 
absence of other viral components showed that the 
amino terminal domain of M protein is not required for 
binding M protein to membranes but is required for sta- 
ble membrane association (Chong and Rose, 1994). 
McCreedy et aL (1990) have previously reported that 
purified M protein, although aggregated at low NaCI con- 
centration, remained monomeric at high NaCI concentra- 
tion (above 500 mM NaCI). It could be possible that this 
aggregation reflects the ability of M to self associate 
and form the scaffold around which the nucleocapsid is 
wound. Two earlier studies also suggest that the interac- 
tion of M with the nucleocapsid is salt dependent (New- 
comb et aL, 1982; De et aL, 1982). Therefore we decided 
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to study the aggregation of purified M protein using light 
scattering, analytical centrifugation, and electron micros- 
copy. Our results demonstrate that the aggregation of 
M protein at low salt concentration can be reversed by 
increasing the salt concentration and that below 250 mM 
NaCI there is an equilibrium between aggregates and 
the monomeric form of M. Second, we demonstrate the 
existence of a population of nucleation sites and we have 
found conditions under which this population can be 
eliminated. After elimination of the nucleation sites, M 
remains soluble even at low salt concentration. Last, 
using EM, we show that the aggregates of purified M 
protein share common structural aspects with the inter- 
nal "cigar" that we have previously described (Barge et 
al., 1993) around which the nucleocapsid is wrapped. 
These new results lend support to the model that M 
forms a structure inside the nucleocapsid coil. They also 
help us to explain why M is a soluble protein in the 
cytoplasm of the infected cell just up to the moment that 
it is integrated into the budding virion (Knipe eta/., 1977; 
Mo0reedy et al., 1990). 
MATERIAL AND METHODS 
Virus and cells 
VSV (Orsay strain, Indiana serotype) was propagated 
in BSR cells, a clone of BHK21 (Baby Hamster Kidney). 
0ells were grown in Eagle minimal essential medium 
supplemented with 10% calf serum. 
Virus particles were pelleted from the culture fluid 24 
hr after infection through 30% glycerol in 10 mM Tris-  
HCI, pH 7.5, 50 mM NaCI, 1 mM EDTA and resuspended 
InTD buffer (137 mM NaCI, 5 mM KCI, 0.7 mM Na2HPO4, 
25 mMTris-HCl, pH 7.5, 10 mM EDTA). 
M protein purification 
One volume of virus in TD buffer (approximately 20 
mg/ml of viral proteins) was added to one volume of 
solubilization buffer (1 M NaCI, 20 mM Tris-HCI, pH 7.5, 
1% 0HAPS). After an incubation of 30 min at 37 ° and the 
mixture was overlayed on 20% sucrose in 0.5 M NaCI, 
20 mM Tris-HCI, pH 7.5, 0.5% CHAPS and centrifuged 
for 1 hr at 35,000 rpm in a SW41 rotor (Beckman) to 
separate solubilized proteins from insoluble material. 
The supernatant containing G and M proteins but also 
viral lipids was diluted in 20 mM Tris-HCI, pH 7.5, 0.5% 
CHAPS to lower the NaCI concentration to 200 mM and 
was then loaded on a phosphocellulose column (Pl l ,  
Whatman, equilibrated with 200 mM NaCI, 20 mM Tris-  
mcI, pH 7.5) in which G protein and residual viral contam- 
inants flow through. The column was washed once with 
200 mM NaCI, 20 mM Tris-HCI, pH 7.5, 0.5% CHAPS to 
eliminate residual lipids and then with the same buffer 
without CHAPS to eliminate the detergent. M protein was 
eluted in NT buffer (0.7 M NaCI, 20 mM Tris-HCI, pH 
7.5). At this stage, SDS-PAGE analysis indicated that M 
protein was essentially free from contaminants (Fig. 6A, 
lane 1). The concentration of M protein was determined 
spectrophotometrically assuming an extinction coeffi- 
cient of 1 mg -1 cm 2 at 280 rim. 
Light scattering experiments 
Light scattering increase due to aggregate formation 
was followed at 400 nm using a Perkin-Elmer LS50B 
spectrofluorometer. The solution in the thermostated cu- 
vette was subjected to low speed stirring. M protein in 
NT buffer was directly added in the cuvette containing 20 
mM Tris-HCI, PH 7.5, and the appropriate NaCI concen- 
tration. The final volume was 1 ml. For all salt concentra- 
tion calculations, the salt added by the addition of M pro- 
tein was taken into account. For the studies on reversibil- 
ity, 120 #1 of a 5 M NaCI solution was added to the sample 
in the cuvette so that final volume was 1.12 ml. 
Analytical ultracentrifugation 
Sedimentation velocity experiments were performed 
using a Beckman Optima XL-A analytical ultracentrifuge 
equipped with a four hole AN-60 Ti rotor and double- 
sector centerpieces of aluminium alloy (12-mm optical 
path length). The sedimentation profiles were followed 
by scanning the absorption in the cell at 280 nm. The 
temperature was set at 20 °. M protein freshly purified 
and concentrated in 650 mM NaCI was subjected to a 
preparative centrifugation step (5000 g at 4 ° during 15 
min) to remove any preexisting aggregates before the 
analysis. Then M was diluted to a protein concentration 
of 0.4 mg/ml in 20 mMTr is -HCI ,  pH 7.5, with final NaCI 
concentrations of 650, 140, 100, or 65 mM. The analytical 
centrifugation was performed directly after this dilution. 
Electron microscopy 
Isolated M in 650 mM NaCI, 20 mM Tris-HCI, pH 7.5, 
was diluted or dialyzed (overnight at 4 °) against 20 mM 
Tris-HCI, pH 7.5, plus various concentrations of NaCI 
giving final concentrations of 0, 35, 65, 140, 250, 500, and 
650 mM NaCI. The diluted samples were observed after 
5 min incubation at room temperature. The protein con- 
centration was usually 50 #g/ml, but samples were also 
prepared with concentrations ranging from 10 to 400 #g/ 
mi. Samples were adsorbed onto glow-discharged car- 
bon-coated grids and negatively stained with 1% aque- 
ous sodium silicotungstate (SST). EM was carried out 
with a JEOL 1200 EXII microscope under low-dose condi- 
tions. Measurements were made from prints with a mag- 
nification of 250,000X using an ocular eyepiece giving 
additional magnification of 8X. The magnification was 
calibrated by using negatively stained catalase crystals 
(Wrigley, 1968). 
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FIG. 1. Aggregation of VSV M protein monitored by light scattering. 
(A) Kinetics of M protein aggregation at different salt concentrations. 
M protein (80 #g/ml) was incubated in the presence of 20 mMTris-HCl, 
pH 7.5, and 56 (A), 70 (B), 140 (C), or 250 (D) mM NaCl. Temperature was 
kept at 25 ° . Light scattering due to the buffer was subtracted. The arrow 
indicates when M was added in the cuvette. A.U., arbitrary units. (B) 
RESULTS 
Salt dependent  aggregat ion of M protein studied by 
l ight scatter ing 
Light scattering was chosen as a sensitive technique 
to study aggregation. Figure 1A shows typical kinetics of 
M aggregation at different NaCI concentrations. At 56 
and 70 mM NaCI, addition of M protein (arrow) resulted in 
an immediate increase in light scattering and the signal 
reached a plateau in less than 2 min. At higher salt con- 
centration (140 mM), the signal increase occurred more 
slowly and to a lower extent. No aggregation was ob- 
served in the presence of 250 mM NaCI by this tech- 
nique. The pH of the buffer (between 5.5 and 7.5) did not 
signif icantly influence the aggregation behavior. 
This signal increase was totally reversible after addi- 
tion of salt up to a final concentration of 600 mM NaC! 
(Fig. 1 B). We want to stress that addition of detergent was 
not needed to reverse aggregation. Moreover, detergent 
alone only partially disaggregated M protein (Fig. 10) 
and M protein was still able to aggregate at low salt 
concentration in the presence of 0.5% CHAPS or 0.2% 
Triton X-100 although to a lesser extent (not shown). 
We also studied aggregation at different M concentra- 
t ions at 65 and 140 mM NaCI. The results are shown in 
Fig. 2. Light scattering due to aggregated protein in- 
creased with M protein concentration. At 140 mM NaCI 
(resp. 65 mM NaCI), a concentration of M protein of 14 
#g/ml (resp. 7 #g/ml) was sufficient to induce aggrega- 
tion in the cuvette. 
The signal increase observed at low salt concentra- 
t ions could be due to either a larger number of aggre- 
gates or an increase of their size or both. Therefore, we 
decided to perform analytical centrifugation experiments 
to study the different species of M aggregates present 
in solution. 
Analytical centrifugation experiments 
The sedimentat ion behavior of the protein at 0.4 rag/ 
ml in 650, 140, 100, or 65 mM NaCI was first observed 
at low speed (3000 rpm corresponding to about 650 g) 
where only very large aggregates were pelleted. In 650 
mM NaCI, we did not detect any large aggregates, any 
preexist ing aggregates would have been removed dur- 
Reversibility of M aggregation after an increase in salt concentration. 
M protein (10 #g/ml) was allowed to aggregate in presence of 20 mM 
Tris-HCI, pH 7.5, and 7 mM NaCI. The arrow indicates when NaCI 
(120 #1 of a 5 M solution, final concentration of 542 mM NaCI) was 
added. The bottom curve is the control corresponding to the light scat- 
tering due to M protein at 607 mM NaCl. (C) Effect of detergent on 
disaggregation. M protein (70 #g/ml) was aggregated at 70 mM NaCI. 
After 200 sec (middle arrow), 100 #1 of 5% Chaps was added (final 
concentration of 0.45%) and after 400 sec (last arrow), 120 #1 of 5 M 
NaCl solution was added (final concentration of 550 mM). 
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ing the sample preparation procedure (see Material and 
Methods). At salt concentrations of 140 (Fig. 3, curve a) 
and 100 rnM (not shown), respectively 15 and 65% of 
the protein was in the form of large aggregates. In 65 
mM NaOI, virtually all the material was displaced at 
3000 rpm. 
Following these initial runs, we increased the speed 
to 24,000 rpm (about 40,000 g) for more than 3 hr for 
the sample in 650, 140, and 65 mM NaOl. Such experi- 
mental conditions would al low detection of particles 
with sedimentation coefficients between 2 and several 
hundred Svedberg. As can be seen in Fig. 3, once 
the large aggregates were eliminated, we observed a 
homogeneous solution consisting only of a small size 
species, with no further aggregate formation during 
the centrifuge run. From the boundary position after 
188 min at 24,000 rpm, we calculated an approximate 
value of 2S for the sedimentation coefficient of this 
small size species in 650 and 140 mM NaCI, indicating 
that it consisted of the monomeric form of M 
(McCreedy et al., 1990). Thus, at all NaCI concentra- 
tions tested, we found only two species of M, very 
large aggregates'and monomers, in agreement with 
the f indings of McCreedy et al. (1990). 
Furthermore, these experiments indicate that, in 140 
mM NaCI, once the aggregates were eliminated, the M 
protein remained monomeric at a concentration of 
about 340 #g/ml during the time of the experiment (3 
hr). This concentration is approximately 25 times higher 
than concentrations of M protein at which aggregation 
was still detected by light scattering (in less than 3 
min) at the same salt concentration (Fig. 2). The most 
probable explanation for the absence of further aggre- 
gation is the existence of nucleation sites which are 
pelleted and removed together with the aggregates dur- 
ing the first run at 3000 rpm. In the absence of these 
nucleation sites, the remaining M protein does not ag- 
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FIG. 3. Sedimentation velocity profiles of VSV M protein. The absorbance of the sample at 280 nm was measured during centrifugation versus 
the radius, i.e., the radial distance from center of rotation. (a) Scan performed for the M protein in 140 mM NaCI after 6 min centrifugation at3000 
rprn. (b) Same experiment scanned after 33 rain at 3000 rpm and 3 min at 24,000 rpm. (c) Same experiment at 24,000 rpm but scanned 188 min 
after b. Line 1, level of the plateau obtained for the M protein in 650 mM NaCl. The conditions for line 1 were the same as for scan b. 
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FIG. 4. Existence of nucleation sites, (A and B) Control experiments, 
M protein was directly diluted in the cuvette in order to obtain 70 mM 
NaCI and a M protein concentration of 120 #g/ml (A) and 85 #g/ml (B). 
The arrow indicates when NaCI was added (120 #1 from a 5 M solution), 
The curve C shows the M protein (95 #g/ml) aggregation at 70 mM 
NaCI after elimination of aggregates which had formed at 140 mM 
NaCI (see text). 
gregate. The fo l lowing experiments were performed to 
confirm this hypothesis. 
el iminated with the aggregates formed at 140 mM NaCI 
after centrifugation at 50,000 g. 
The sample without the nucleation sites was left at 
room temperature for either a few minutes or up to 18 
hr. Then, upon dilution to 70 mM NaCI, we found no 
aggregation, indicating that the nucleation sites had not 
reformed. This suggests that within this range of time, 
the nucleation sites do not develop de novo, for instance 
out of differently folding or denatured M protein. 
Behavior of the M protein cleaved by trypsin 
The highly basic amino-terminal part of M protein can 
be easily removed by trypsin which cleaves the protein 
to produce 24-kDa fragments and a tryptic resistant core 
of 21 kDa (Pal et al., 1985; Ogden et al., 1986; Kaptur et 
aL, 1991; Melki et aL, 1994). Therefore, we have also 
investigated if the M protein cleaved by trypsin was still 
able to self aggregate. M protein in 700 mM NaCI was 
incubated for various periods with various amounts of 
trypsin. Digestion was stopped by addition of soy bean 
trypsin inhibitor. For each digestion, an aliquot was kept 
for analysis by PAGE (Fig. 6A) and the sample was then 
added to the cuvette of the spectrofluorometer at low 
salt concentration. Light scattering increase was ob- 
served only when intact M protein could still be detected 
in the gel after digestion (Figs. 6A lane 2 and 6B curve 
Existence of nucleat ion sites 
Purified M protein (0.24 mg/ml) was first al lowed to 
aggregate in a solution containing 140 mM NaCl during 
5 min at 25 °, Aggregates were then el iminated by a 20- 
min centrifugation at 50,000 g and the supernatant was 
diluted twofold in 20 mM Tr is -HCl ,  pH 7.5 (final salt 
concentration was then 70 mM and final M concentration 
was 95 #g/ml), and aggregation was monitored (Fig. 4). 
Such a treatment of the protein preparation resulted in 
very little aggregation= the signal increase was 5 to t0 
times smaller than in the control where untreated M pro- 
tein was directly diluted in the spectrofluorometer cuvette 
at a final concentration of 85 or 120 #g/ml in the presence 
of 70 mM NaCI. This first result supports our hypothesis 
on the existence of nucleation sites. In a second experi- 
ment, we added small amounts of untreated M protein 
to a cuvette containing 70 #g/ml of M treated and centri- 
fuged as for Fig. 4 curve C. This resulted in a signal 
increase which was two- to threefold larger than when 
the same quantit ies of untreated protein were added to 
the same buffer devoid of M protein (Fig. 5). This indi- 
cates that the monomeric protein remaining after centrif- 
ugation and which no longer aggregates upon lowering 
the salt concentration could be recruited to form aggre- 
gates when untreated M was added. These results dem- 
onstrate the existence of nucleation sites which were 
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FIG. 5. Recruitment of M protein devoid of nucleation sites in aggre- 
gates by untreated M. Increasing amounts of untreated M protein (at 
a concentration of 1 mg/ml) were added to 1 ml of 70 mM NaOl, 20 
mM Tris-HCI, pH 7.5 (A), or 1 ml of 70 mM NaCI 20 mM Tris-HCI, pH 
7.5, containing M protein devoid of nucleation sites (70 #g/ml) (B) 
(aggregates had been eliminated by centrifugation after a 5-min incuba- 
tion at 25 ° in the presence of 140 mM NaCI and the supernatant was 
twofold diluted in the cuvette of the spectrofluorometer in20 mM Tris- 
HOl, pH 7.5). Initial light scattering due to the buffer (A) orto nonaggre- 
gated M protein (B) was subtracted from the value obtained after addi- 
tion of untreated M protein. 
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FIG, 6, Effect of trypsin treatment on M aggregation. (A) Susceptibility of M protein to trypsin. Various amounts of trypsin (at a concentration of 
0,2 mg/ml) were added to 80 #1 of M protein (at a concentration of 1 mg/ml) for various durations at 37 °. The digestion was stopped with 20 #1 of 
a 2 mg/ml solution of SBTI. Aliquots containing 8 #g of M protein were analyzed by 14% PAGE, The gel was stained with Coomassie blue. Lane 
1, no trypsin added; Jane 2, 2 #1 of trypsin and 20 sec of digestion; lane 3, 5 #1 and 20 sec; lane 4, 10 #1 and 30 sec; lane 5, 20 #1 and 45 sec; 
lane 6, 20 #1 and 15 min. (B) 70 #g/ml of undigested M protein (1) or M protein digested by trypsin as in lane 2 of the gel (2) or as in lane 3 of the 
gel (3) were allowed to aggregate in the presence of 70 mM NaCI and 20 mM Tris-HOl. pH 7.5. Light scattering due to the buffer was subtracted, 
The arrow indicates when the samples were added in the cuvette. (C) Recruitment of M protein digested by trypsin in aggregates. Increasing 
amounts of untreated M protein (1 mg/ml) were added in 1 ml of 70 mM NaCI, 20 mM Tris-HCl, pH 7.5 (A), or in 1 ml of 70 mM NaCI, 20 mM 
Tris-HCI, pH 7,5, containing the protein digested as in lane 6 of the gel (60 #g/ml) (B). Initial light scattering due to the buffer (A) or to digested 
M protein (B) was subtracted. 
2). This suggests that either the amino-terminal part of 
the M protein plays a decisive role in the aggregation 
process through M-M interaction or through interaction 
of M with the nucleation sites or that trypsin cleaves the 
nucleation sites and inactivates them. 
To settle this question, we added small amounts of 
native M protein to the 21 -kDa tryptic resistant fragment 
(M protein was digested as in Fig. 6A lane 6). The results 
shown in Fig. 60 strongly suggest that the cleaved M 
protein could still be recruited to form aggregates in a 
similar manner as native M protein (compare Figs. 5 
and 60), indicating that trypsin cleaved the nucleation 
sites and rendered them inactive. A corollary is that the 
nucleation sites are at least partly made of proteins. 
They could be either undetected residual contaminants 
in the preparation or a subpopulation of M protein, but 
until now we have not been able to positively iden- 
tify them. 
Electron microscopy 
Aggregates formed by M at various salt concentrations 
were studied by EM after negative staining with the neu- 
tral heavy metal salt SST. Basically, we observed two 
types of aggregate, shown in Fig. 7. At all salt concentra- 
tions and at all protein concentrations, we observed the 
globular aggregates shown in Fig. 7A. However, the 
amount of aggregates depended on the salt concentra- 
tion, from virtually nonexistent at 650 mM to extensive 
aggregation at low salt concentrations (below 140 mM 
NaCI). As shown here, the globules can be associated 
into strings but they can also make super aggregates 
with other morphologies. The second kind of aggregate 
(Fig. 7B) was only observed at salt concentrations lower 
than 65 mM NaCI and consisted of bundles of fine fila- 
ments. These bundles can again be associated into 
larger structures. The kind of aggregate, globular or fila- 
mentous, did not depend on the method of sample prepa- 
ration, i.e., dilution vs dialysis. 
Although the morphology of the two types of aggregate 
is different, both seem to be made up from fine filaments, 
indicated by arrowheads in Fig. 7. The apparent diameter 
of these filaments was found to be the same for both 
aggregate types. The filaments making up both types of 
aggregate were also found to have the same center to 
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FIG. 7. Electron micrographs of globular aggregates (A), observed in all salt concentrations, and of filamentous aggregates (B), observed only at 
very low NaCI concentrations (below 65 mM) of isolated M. (C) Skeletons. All samples were negatively stained with 1% SST. Fine striations or 
filaments can be observed in both A and B (arrowheads). The width of these filaments and the spacing between them are given in Table 1. In the 
selected images of C, the cigar inside the nucleocapsid (Barge et aL, 1993) is seen to consist of thin parallel lines (arrowheads) which have the 
same diameter and spacing as M in aggregates. Bar, 400 A. 
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ble 1). These results raise the possibility that M-M 
association plays a role in virus assembly. 
DISCUSSION 
FJe. 7--Continued 
center spacing (Table 1). This suggests that both types 
of aggregates are made up from the same basic units 
forming thin parallel lines. 
In Barge et aL (1993), we showed pictures of VSV 
skeletons consisting of the helical nucleocapsid 
around a core that we called the "cigar," most likely 
consisting of M protein. We reported that these cigars 
were amorphous. However, close inspection of our 
images of negatively stained skeletons did result in 
some examples where the cigar also showed thin par- 
allel lines, even in those places where it was not 
covered by the nucleocapsids (Fig. 70). This means 
that this fine structure is probably not formed by the 
overlaying nucleocapsid or by some interference phe- 
nomenon. The lines had the same thickness and 
spacing as those in the aggregates of isolated M (Ta- 
In this paper, we have studied the aggregation of 
purified VSV M protein using light scattering and ana- 
lytical centrifugation techniques. As previously de- 
scribed by McOreedy et al. (1990), we show that this 
aggregation is salt concentration dependent and is not 
detected above 250 mM NaOl. We confirm that the 
proportion of aggregated protein increases when NaCI 
concentration decreases. However, contrary to the ob- 
servations of McOreedy et aL (1990), this aggregation 
observed at low salt concentration appears to be to- 
tally reversible upon subsequent increase of the salt 
concentration and no detergent was needed to reverse 
aggregation. At each salt concentration, there exists 
an equilibrium between monomeric M protein and 
enormous aggregates of several thousand Svedberg. 
As already described (McCreedy eta/., 1990), we did 
not observe any intermediate aggregates (such as di- 
mer, trimer, etc.). 
We have found conditions where the M protein re- 
mains monomeric at low salt concentration and sug- 
gest that the aggregation process i  initiated by nucle- 
ation sites. In their absence, the M protein does not 
aggregate. After incubation of M protein at 140 mM 
NaCI, 10 to 20% of our material was in large aggre- 
gates. Therefore, the nucleation sites constitute proba- 
bly at most a few percentage of the protein present in 
solution. This, together with the fact that, at low salt 
concentration, virtually all the M protein is found in 
enormous aggregates could suggest that, somehow, 
the nucleation site induces a conformational change 
in the "normal" M protein. This conformational change 
would then allow new interactions with more normal 
M protein. 
The fact that the aggregates disappear at high salt 
concentrations suggests that the aggregation process 
is mainly driven by electrostatic interactions. High salt 
concentrations may decrease either the affinity of nucle- 
ation sites for normal M protein or the affinity of aggre- 
gates for monomeric M protein or both. Alternatively, high 
salt may defavor the hypothetical conformational change 
accompanying aggregation mentioned above. 
We have not been able to positively identify the nucle- 
ation sites. However, it is possible that the nucleation 
sites are a subpopulation of M protein with an unknown 
modification, or with a different ertiary structure irrevers- 
ibly acquired in the cell or bound to an unknown cofactor 
(possibly in a limiting concentration in our preparation). 
Interestingly, Ohong and Rose (1993, 1994) have shown 
that approximately 10% of the M expressed in transfected 
cells is able to associate with the plasma membrane and 
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TABLE 1 
MEAN DIAMETER AND SPACING (IN ,A,) OF THE FINE FILAMENTS OBSERVED 
IN GLOBULAR AND FILAMENTOUS AGGREGATES OF ISOLATED M (FIG. 7) AND 
IN THE CIGAR OF ISOLATED SKELETONS (FIG. 70). 
Diameter Spacing 
Globular aggregates 20 4- 2 33 4- 3 
(n = 49) (n = 29) 
Filamentous aggregates 20 + 3 31 _+ 3 
(n = 46) (n = 18) 
Cigars in skeletons 19 4- 3 32 4- 2 
(n = 37) (n = 29) 
Note. n, number of measurements. 
aggregation reflects the ability of M to self associate in 
order to form the internal cigar. Our results and those of 
Knipe et  al. (1977), who have shown that the M protein 
entered extracellular virus very quickly, as though it 
moved directly from a soluble state into the budding vi- 
rion, suggest that the association of soluble M protein 
with nucleation sites potentially located at the plasma 
membrane (Chong and Rose, 1993, 1994) is an early step 
in the budding process. The fact that, in vitro, we observe 
enormous aggregates, much bigger than a virus, may 
be due to the absence of the other viral components 
(particularly the nucieocapsid and the G protein) and 
cell components such as the cytoskeleton, which may 
regulate this process. 
has the behavior of an integral membrane protein. The 
rest of the expressed M behaves as a soluble cyto- 
plasmic protein. They have suggested that a fraction of 
M protein may fold into a conformation that is capable 
of membrane insertion, it is possible that this M protein 
with a different conformation constitutes the nucleation 
sites. Using Triton X-114 phase partitioning, we tried to 
separate hydrophobic M from hydrophil ic M to see if 
hydrophil ic M protein alone would still be able to aggre- 
gate. However, because of diffusion due to remaining 
detergent micelles which we could not thoroughly re- 
move, we were not able to analyze the behavior of hydro- 
philic M protein by our technique. Furthermore, we do not 
find any significant amount of M protein in the detergent 
phase upon Triton X-114 extraction of our purified M 
protein (detection limit in our set-up was 1% of the total 
amount of M). 
Treatment of the M preparation with trypsin to remove 
the amino-terminal part of the protein leads to loss of 
the aggregation capacity of the M population. As the 
trypsin resistant 21-kDa fragment is still able to be re- 
cruited into aggregates when nucleation sites are added, 
the absence of aggregation is probably due to the fact 
that the nucleation sites are trypsin sensitive. However, if, 
as postulated above, an M subpopulation with a different 
conformation constitutes the nucleation sites, we cannot 
exclude that the amino-terminal part of the M protein is 
necessary for these nucleation sites to induce aggrega- 
tion. The observations of Chong and Rose (1994) that the 
amino-terminal part of the protein is essential for stable 
membrane association and those of Black et  al. (1993) 
that it is also necessary for viral assembly may support 
this view. 
EM studies show that the aggregates share structural 
similarities with the internal cigar we have previously 
described (Barge et  aL, 1993). Particularly, we found that 
the cigar and the aggregates both show thin parallel 
lines with the same thickness and spacing. This is con- 
sistent with our hypothesis that the axial channel material 
is made of M protein. It is possible that the M protein 
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